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To date, the precise interactions between bone marrow stro-
mal cells and the extracellular matrix that govern stromal
cell development remain unclear. The integrin super-family
of cell-surface adhesion molecules represents a major path-
way used by virtually all cell types to interact with different
extracellular matrix components. In this study, purified pop-
ulations of stromal precursor cells were isolated from the
STRO-1-positive fraction of normal human marrow, by flu-
oresence-activated cell sorting, and then assayed for their
ability to initiate clonogenic growth in the presence of various
integrin ligands. Bone marrow-derived stromal progenitors
displayed differential growth to fibronectin, vitronectin, and
laminin, over collagen types | and Ill, but showed a similar
affinity for collagen type IV. The integrin heterodimers «,3,,
B, asP,, agBy, @ B and o, Bs were found to coexpress
with the STRO-1 antigen on the cell surface of CFU-F, using
dual-color analysis. Furthermore, only a proportion of stro-
mal precursors expressed the integrina,B,, while no mea
surable levels of the integrinagB, could be detected. Subse
quent adhesion studies using functional blocking antibodies
to different integrin «/p heterodimers showed that stromal
cell growth on collagen, laminin, and fibronectin was medi-
ated by multiple B, integrins. In contrast, cloning efficiency
in the presence of vitronectin was mediated in part byav3.
When human marrow stromal cells were cultured under
osteoinductive conditions, their ability to form a mineralized
matrix in vitro was significantly diminished in the presence
of a functional blocking monoclonal antibody to the 1
integrin subunit. The results of this study indicate that 1
integrins appear to be the predominant adhesion receptor
subfamily utilized by stromal precursor cells to adhere and
proliferate utilizing matrix glycoproteins commonly found in
the bone marrow microenvironment and bone surfaces. Fur-
thermore, these data suggest a possible role for th@l
integrin subfamily during the development of stromal pre-
cursor cells into functional osteoblast-like cells. (Bone 28:
174-181; 2001) © 2001 by Elsevier Science Inc. All rights
reserved.
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Introduction

The nonhematopoietic connective tissue of the bone marrow
(BM) microenvironment is derived from a heterogeneous popu-
lation of stromal precursor cells, whose progeny support and
regulate haematopoiegig:#°:69:62A proportion of this precursor
population demonstrate “stem cell-like” characteristics, with the
capacity to differentiate into many of the stromal cell lineages
found within the bone marrow spaces and the adjacent calcified
tissues of bone and cartilag®22434The molecular mecha-
nisms that govern stromal cell commitment and differentiation
are poorly understood and are only now starting to be elucidat-
ed1417:37415tromal cell development and function is, in part,
mediated by a complex series of cell-cell and cell-extracellular
matrix (ECM) interactions, acting through a myriad of ECM
protein ligands and their corresponding cell surface receptors,
including membrane-bound cytokin@8:12:18.57.64

Integrins represent a major family of cell-surface receptors
that facilitate the adhesion between cells and the surrounding
ECM. Interactions between integrins and their ligands have been
linked to many cellular processes including, proliferation, differ-
entiation, survival, motility, embryogenesis and apopto-
sis36:13.:34.5254 Integrin  molecules are transmembrane het-
erodimers comprised of noncovalently bounrdand 3-subunits.
There are at least 16 differeqatsubunits associated with as many
as nine knowr subunits?:32:34:47.52544any o subunits, such
asal, are found in association with only oflesubunit ¢181),
whereas others, such ag, demonstrate promiscuity by associ-
ating with multiple 3 subunits &vB1, avB3, avp5, avp6) to
generate a different ligand binding specificity for each het-
erodimer pair. There is also a high level of redundancy with
respect to ligand specificity between the different integrin spe-
cies, and even within the same integrin subclass. These proper-
ties endow integrins with the potential to elicit a large number of
different cellular responses, depending on the type of integrin
receptor expressed, the developmental stage of the cell, and
according to the composition of the surrounding extracellular
matrix 59364754 The complexity of cell-cell and cell-matrix
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ment, where virtually nothing is known of the interactions
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between stromal precursor cells and the extracellular matrix irtissue culture plates with purified matrix proteins as described
Vivo. below. Cultures were established as triplicates for each condition
Early studies first identified BM stromal precursor cells by and incubated at 37°C in 5% C@n air for 14 days. On day 14
their ability to form clonogenic cell clusters comprised of fibro- of culture, the cells were washed twice with warm RPMI-1640
blast-like cells (colony-forming unit fibroblast [CFU-F]) in and then fixed for 20 min in 1% phosphate-buffered formalin
vitro.”-19:21.4448yye have subsequently shown that human BM prepared from paraformaldehyde (PBF). Once fixed, the cultures
stromal cells, with clonogenic potential in vitro, react with the were stained with 0.1% toluidine blue (in 1% PBF) for 1 h, then
monoclonal antibody STRO-1, using fluorescence-activated celtinsed in tap water. Aggregates of 50 cells or more were scored
sorting (FACSY35® Stromal cultures derived from STRO-1- as colonies (progeny of individual CFU-F).
positive sorted BM cells have the capacity to support long-term
hematopoiesis and the potential to develop into different maturéqonoclonal Antibodies
stromal cell types including fibroblasts, smooth muscle cells,
adipocytes, and osteoblagfs>® The present study examines the HB245 (antie;; 3, mIgG, 1/4) and AC11 (antix,f, ,|gG; 1/50)
mechanisms mediating the growth of purified CFU-F on differ- were obtained from the American Type Culture Collection
ent ECM components, typically found in the loose meshwork of(Rockville, MD) P1B5 (anties8; migG, 1/4) was a generous
marrow reticular fibers (collagen type IIl), the endothelial basalgift from Dr. E. Wayner University of Minnesota Medical School
laminae of sinusoids (collagen type IV and laminin), and the(St. Paul, MN). P4G9 (antk,3, mlgG, 1/4) was from Telios
surrounding, calcified matrix of bone (collagen type I). A sys- Pharmaceuticals Inc. (San Diego CA). PHM2 (ami, ,|9G;
tematic immunophenotypic analysis was compiled to identify thel/500) was a generous gift from Prof. R. Atkins, Department of
pattern of integrin expression on the cell surface membrane oHuman Immunology (H.C.C.R., LM.V.S., Adelaide, South Aus-
CFU-F, isolated from aspirates of normal human BM. Thetralia). 61.2C4 (ant, migG, 1/4) was a generous gift from Dr.
functional significance of receptors expressed by CFU-F wasl. Gamble Department of Human Immunology (H.C.C.R.,
then examined, using a panel of function-blocking monoclonall.M.V.S., Adelaide, South Australia). GoH3 (anti3; rlgG,,
antibodies against a range of integrin heterodimers. The impori/4), MCA1212 (negative control antibody rig;1/10), 2C36
tance of integrin function in stromal cell development was also(anti-w,8; mlgG, 1/4), and PH59 (ant, s migG, 1/4 non-
addressed in the presence of3d integrin-blocking antibody, functional) were obtained from Serotec (Oxford, England).
under osteoinductive conditions in vitro. Y2/51 (anti$3 migG, 1/4 nonfunctional) was from Dakopatts
A/S (Glostrup, Denmark). 3D3 (an8almonellamigG, 1/4),
1A6.12 (antiSalmonellamigM 1/4), and 1D4.5 (antBalmonella
migG,, 1/4) were the generous gifts from Dr. L. Ashmann,
Subjects Department of Haematology (H.C.C.R., I.LM.V.S., Adelaide,
South Australia). STRO-1 (anti-marrow stromal progenitor cells
Aspirates of human BM samples were obtained from the iliacmigM 1/4) was from Dr. P. J. Simmons, Department of Haema-
crest and the sternum of normal adult volunteers with theirtology (H.C.C.R., .LM.V.S., Adelaide, South Australia).
informed consent, according to procedures approved by the
Human Ethics Committee at the Royal Adelaide Hospital, Southg)ygrescence-activated Cell Sorting (FACS)
Australia and the NIH/NIDCR Human Ethics Committee (pro-
tocol no. 94-D-0188). Bone marrow mononuclear cells After Ficoll gradient seperation, approximately & 10’
(BMMNC) were obtained by centrifugation over Ficoll 1.077 BMMNC were pelleted in 5-mL polypropylene tubes (Falcon;
g/mL (Lymphoprep, Nycomed, Oslo, Norway) at 4§Cdor 30 Becton Dickinson, Linkon Park, NJ) and resuspended in 500
min and then washed and resuspended with Hank's bufferedf saturating concentrations of STRO-1 supernatant for 60 min
saline solution (HBSS) containing 1% bovine serum albuminon ice. For two-color FACS, X 107 cells were incubated with
(BSA) (Cohn Fraction V; Sigma Chemical Co., St. Louis, MO) STRO-1 supernatant and various mouse lgG anti-human mono-

Materials and Methods

and 10 mmol/L Hepes. clonal antibodies. The monoclonal mouse isotype controls IgG
(3D3), IgG,, (1D4.5), and IgM (1A6.12) and rat isotype control
Colony-forming Efficiency (CFU-F) Assay 19G,. (MA1212) were under identical conditions. The cells were

then washed in HBSS- 5% FCS and incubated with a goat
Details of these assays have been described else#h&t&or  anti-mouse IgM w-chain-specific fluorescein isothiocyanate
serum-replete cultures, STRO-IBMMNC were isolated by (FITC) (1/30) (Southern Biotechnology Associates, Birming-
FACS, then plated in alpha modification of Eagle’s medium ham, AL) in a final volume of 10Q.L for 45 min on ice. For
(«-MEM; Flow Laboratories, Irvine, Scotland) supplemented two-color FACS analysis, the cells were also incubated with a
with 20% fetal calf serum (Equitech-Biol Inc., Kerrville TX), 2 goat anti-mouse IgG-chain-specific phycoerythrin (PE) (1/50)
mmol/L L-glutamine, 100 U/mL penicillin, 10q.g/mL strepto-  (Southern Biotechnology Associates, Birmingham, AL). After
mycin sulfate (Sigma), anfi-mercaptoethanol (%X 10~° mol/ this, the cells were washed twice in HBSS 5% FCS and
L). In serum-free cultures of STRO*]1 BMMNC isolated by  resuspended to approximately®1@ells/mL before being ana-
FACS were plated imx-MEM supplemented with 10 ng/mL lyzed using a FACSt&HYS (Becton Dickinson, Sunnyvale, CA)
PDGF-BB and EGF (Pepro Tech Inc., Rocky Hill, NJ), 10 flow cytometer. Positive fluorescence for each antibody was
rg/mL bovine pancreas-derived insulin (Sigma), 2% BSA, 4defined as the level of fluorescence greater than 99% of the
rg/mL human low-density lipoprotein (LDL; Sigma, L121139), corresponding isotype-matched control antibody.
200 pg/mL iron-saturated human transferrin, 2 mmolAglu-
tamine, dexamethasone sodium phosphate {1fol/L) (DEX; Analysis of CFU-F Growth on Purified ECM Proteins
American Regent Laboratories, Inc., Shirley, NY), 1,06ol/L
L-ascorbic acid 2-phosphate (ASC-2P; Novachem, MelbourneNon—tissue culture grade 48-well polystyrene plates (Nunc) were
Australia), 100 U/mL penicillin, 10Qug/mL streptomycin (Sig- precoated with various purified ECM proteins: collagen type |
ma), andB-mercaptoethanol (X 10> mol/L). Cell attachment (167 nmol/L), collagen type lll (167 nmol/L), collagen type IV
under serum-free conditions was promoted by precoating thé45 nmol/L) (Collaborative Research Inc., Two Oak Park, Bed-
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ford, MA), laminin (56 nmol/L), fibronectin (114 nmol/L)
(Boehringer Mannheim GmbH, Germany), and 1% BSA (Cohn
fraction V; Sigma) and incubated overnight at 4°C. The plates
were then rinsed three times with PBS and blocked at 37°C for FN
2 h with 1% BSA in PBS. Bone marrow aspirates were separated
by density gradient and then washed in HBSS containing 1%
BSA. STRO-I" BMMNC were isolated by FACS and subse LN
quently seeded (X 10%cn¥) as triplicate cultures in 25QL of
serum-free media (SFM) containing 10 ng/mL of PDGF-BB and COL IV-
EGF at 37°C in 5% CQfor 2 h. After this, each well was washed

three times (with the exception of the positive control wells) with  CQL IIF
SFM to remove any unbound cells and then replenished with 500
pL of SFM + PDGF-BB and EGF and incubated at 37°C in 5%
CO, for 14 days. Cultures were then fixed and stained for 60 min
with 0.1% Toluidine blue in 1% PBF. Aggregates 250 cells
were scored as CFU-F colonies. Preliminary time course exper- BSA
iments demonstrated that only a minor fraction of the total r T T T T T T T
number of colony-forming cells were recovered within the first 0 20 40 60 80 100 120 140 160

half hour (10-25%) and hour (30-50%) of incubation under

serum-free conditions for all proteins tested. Maximal recovery COLONY NUMBER (% CONTROL)
(>90%) of CFU-F for each matrix protein was observed between . . o

4 and 6 h, in contrast to the 90-min incubation time required inigure 1. Human BM CFU-F interactions with different extracellular
the presence of serufiHerein, all adhesion assays were per- matrix glycoproteins. STRO-1-positive BM cells were isolated by FACS

- . nd then plated onto 48-well non-tissue culture-treated plates precoated
formed at 2 h, which consistently produced 60—70% recovery of, purified collagen types | (COL I), Il (COL 11}, and IV (COL IV),

CFU-F with clonogenic potential. fibronectin (FN), laminin (LN), and vitronectin (VN) under serum-
deprived conditions as described in Materials and Methods. Clonogenic
. frequencies were determined for all conditions. The data represent the
Measurement of Calcium Levels mean valuest SEM) from three experiments expressed as a percentage

. . . . of the number of colonies formed by the input population in the control
We have previously reported the conditions for the induction ofcyjwres grown in the presence of 20% fetal calf serum. Significant

human bone marrow stromal cells to initiate matrix minera“za'dif‘ferences (b = 0.05,t-test) in colony numbers were assessed between
tion in vitro.24 Briefly, primary BM stromal cells were seeded the different conditions.

onto 96-well microtitre plates (1% 10° cells/cn?), in a-MEM

supplemented with 20% FCS$;glutamine (2 mmol/L),3-mer-

captoethanol (< 105 M), L-ascorbic acid 2-phosphate (100 Results

pmol/L) (Novachem, Melbourne, Australia), dexamethasone so- L
dium phosphate (IC® mol/L) (American Regent Laboratories, géoh\ﬁwgff Stro;‘nal Precursor Cells on Purified

Inc., Shirley, NY), KHPO, (1.8 mmol/L) (BDH Chemicals), ycoproteins

and Hepes (10 mmoliL), at 37°C, 5% GOThe media were 14 investigate the interactions between marrow stromal precur-
supplemented with either the negative control monoclonal antixor cells and extracellular matrix components, freshly sorted
body 3D3 (100ng/mL) or the antigl monoclonal antibody gTRO-1" BM cells were seeded onto different purified matrix
(61.2C4 at 10Qug/mL). Cultures were fed twice a week with ,roteins and assessed for their potential to form colonies under
fresh medium and antibody for a period of 4-weeks. Calciumgerym-free conditions in the presence of PDGF and EGF. Clon-
levels were determined as previously described at weekly Intering efficiencies under serum-free conditions were found to be
vals. After this, the cultures were washed four times with Ca  comparable with the control cultures grown in the presence of
and Mg free PBS and then solublized with 0.6 N HCI (180 5004 serum Figure 1). There was no difference in the cloning
per well). Samples from each well were then reacted Wlthefﬁciency of the BM CFU-F cultured on collagen type IV,
o-cresol-phthalein-complexon (Test Combination — Calcium; fibronectin, laminin, and vitronectin. However, CFU-F demon-
Boehringer Mannheim), and the colormetric reaction was read airateqd a significant reductiorp (= 0.05, pairedt-test) in the

570 nm. The absolute calcium concentration was determinegmper of colonies formed when seeded on collagen types | and
according to a standard curve for calcium according to they| in comparison with fibronectin, laminin, and vitronectin. In
manufacturer's recommendations. addition, no obvious variations in cell morphology were ob-
served between colonies generated from CFU-F plated on the
different matrix proteins, with the exception that colonies ap-
peared larger on those plates coated with laminin (data not
The pairedt-test was used to determine any significant differ- shown).

ences | = 0.05) between the clonogenic growth of BM CFU-F

cultured on different matrix proteins. Similarly, colony growth |ntegrin Expression on BM Stromal Precursor Cells

was compared for each matrix protein coating between cells

pretreated with various combinations of functional-blocking in- Dual-color FACS analysis was employed to subdivide the
tegrin monoclonal antibodies in comparison with the correspondSTRO-I" BMMNC fraction based on reactivity to a range of
ing isotype-matched control monoclonal antibodies. Statisticainonoclonal antibodies specific to different integré het-
significance p = 0.05) in the level of calcium detected between erodimers Figure 2). Clonogenic growth of BM stromal cells
the antig1-treated BM stromal cell cultures and the correspond-was measured in the different sorted STRO-1/integrin subfrac-
ing isotype control antibody was also determined using thetions and was expressed as a percentage of the total number of
pairedt-test. colonies in the high-expressing STRO-1 populatibiggre 3),

VN

COLT

Statistical Analysis
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Figure 3. The cell surface expression of integrins,8,, a,B1, @41,

asBq, agBy, Br Bs @Bz and o Bs) on human BM CFU-F. Human
BMMNC were separated into different STRO-1/integrin subfractions by
FACS as depicted in the regions shown in Figure 2, where the lower
right-hand and upper right-hand quadrants represent the STRO-1
integrin~ and STRO-1/integrin® subsets, respectively. Each sorted
population was subsequently cultured in the presence of 20% fetal calf
serum as described in Materials and Methods. Colony formation for each
STRO-1/integrin subset was expressed as a percentage of the total
number of colonies generated from the total STRO-1 population. The
data represent the mean values SEM) obtained in the STRO¥1
integrin® subfractions from three separate experiments.

The Growth Potential of BM Stromal Precursor Cells on
Collagen, Laminin, and Fibronectin but Not Vitronectin Is
Mediated by, Integrins

STRO-1 FITC

The collagen receptorsx{B,, a,B,, and o,Bs) expressed by
CFU-F were assessed for their role in the interaction of stromal
Figure 2. Distribution patterns of the STRO-1 antigen and different precursor cells to different collagen species. Adhesion assays
integrin cell surface receptors on human BM cells. Dual-color FACS waswere performed using STRO1BM cells preincubated with
performed using the monoclonal antibody STRO-1 (FITC) and variousgifferent combinations of the functional blocking antibodies
antibodies specific to the different integrin molecules (PE), as descnbeiHBz‘ls’ AC11, 61.2C4, and 23C6) specific #01B,, B4, By,

in Materials and Methods. Representative frequency histograms of lo nd o B, respectively. The ability of BM CFU-F to generate
fluorescence are shown. The vertical and horizontal lines were set to the | Vs h d d. t I ianifi 05
reactivity levels obtained with the isotype-matched control antibodiest0'ONIES When seeded onto collagen was signi icapity 0.05)

3D3 (PE) and 1A6.12 (FITC), respectively, for each experiment. The'®duced when pretreated with different combinations of ghe

STRO-1 population is depicted within the lower right-hand and upperintegrin antibodies, anfsl, —a,B,, and agB, (Figure 4A).

right-hand quadrants representing the STR@ittegrin- and STRO- ~ Maximal inhibition was observed using a combination of all

1*/integrin” subsets, respectively. The histograms were generated fronthree antibodies. There was no effect on the clonogenic growth of

a total of 5x 10* events collected as list-mode data. CFU-F plated onto collagen after incubation with theBs-
specific monoclonal antibody 23C6.

In similar experiments, a panel of monoclonal antibodies
represented in the top and bottom right hand quadrants (FiguréHB245, AC11, and GOH3) specific for the laminin receptors
2). We have previously found that BM CFU-F reside only in the (o84, @,B4, andagB,, respectively) were used to assess the role
STRO-1 bright fraction (approximately 1% of the total STRO-1 of integrins in mediating stromal precursor cell proliferation on
population), whereas STRO-1 dull to intermediate-expressindaminin. A significant p = 0.05) reduction in the number of
cells are mostly nucleated red cells and some B-lympho-clonogenic colonies was observed on laminin-coated plates in the
cytes?356 The results demonstrated that the integrin moleculespresence of th@, function blocking antibody (61.2C4) or with
o181, B, 5B, agB1, B1s Bar a4 Bs, anda, Bs were expressed  the antibody combination of andi;8,, —a,B4, and —agB, with
by the majority of the CFU-F population derived from normal or without 61.2C4 (Figure 4B). In contrast, the clonogenic
marrow aspirates (Figure 3). In contrast, integtjs, was only  growth of CFU-F to laminin was not perturbed in the presence of
expressed on a proportion of BM CFU-F (50%), while there wasthe o, B5-specific antibody, 23C6.
no significant cell surface expression observed for integgdy . Blocking studies were also conducted to investigate the role
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Figure 5. IntegrinB1 inhibits the ability of BM stroma to initiate matrix
alB1/c2B1/ N mineralization in vitro. Calcium levels were determined from the adher-
B O(6BBI m * ent stromal cell layers of replicate cultures€n4) under osteoinductive

conditions (ASC-2P, DEX, and B@. Cultures were supplemented with
saturating levels of either the monoclonal antibody 61.2C4 or the control
B1 \\ w * isotype-matched antibody (3D3) and then killed at weekly intervals over
k a period of 28 days. The release of"Cdrom the matrix was measured
" . " by treating the cultures under acidic conditions as described in Materials
C and Methods. The absolute calcium concentration was determined ac-
4 cording to a standard curve for calcium and normalized fdrcHlls per

well. Significant differences ¢ = 0.05, t-test) in the calcium concen-
trations for each condition were assessed for at all time points.

-
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od4p1/a5p1/ 4 W
B1 a significant decreas@ & 0.05) in colony number was observed
WN when cells were plated on to vitronectin in the presence of
a4B1/asB1 A anti-o, 5 but not when incubated with angil.

Osteoblastic Differentiation of Stromal Precursor Cells Is
= Dependent o8, Integrin Function

p1

4

Primary cultures of BMSC derived from STRO-1-positive sorted
0 20 40 60 80 100 120 CFU-F were placed unde_r oste_oinductivz_a c_onditions to initiate
the development of a mineralized matrix in the presence of

COLONY NUMBER (% CONTROL) saturating levels of thg1l blocking antibody (61.2C4) or the
isotype-matched control antibody (3D3). Replicate cultures were

Figure 4. Integrin-mediated adhesion and growth of human BM CFU-F ; ;- i
on various matrix glycoproteins. Suspensions of STRO-1-positive BMprepared to monitor the effect of argii- on the level of C&

cells were incubated with combinations of functional-blocking antibodiesaccummated In the matn)_( by the BM stromal _cells over a period
(HB245, AC11, P4G9, PHM2, GoH3, 61.2C4, and 23C6 specific for Of 4 Weeks. Differences in the €a accumulation between the
1By, 0oBy, By, By, aghy, By, andayBs, respectively). Clonogenic  antifi;-treated and the control cultures were evident by the
assays were subsequently performed using plates coated with either: (®econd week of culture. Treated cultures demonstrated a signif-
collagen types 1, lll, IV (COL-I, -lll, -IV); (B) laminin (LN); or (C) icant (o = 0.05) decrease in the amount of*Caaccumulated in
fibronectin (FN) and vitronectin (VN), as described in Materials and comparison with the corresponding control cultures at days 21
Methods. The results were expressed as a percentage of the total numhgid 28 Figure 5).
of colonies formed in the control wells containing the appropriate
isotype-matched control antibodies. The level of significanpe<®0.05,
t-test) for colony formation in all conditions was compared with the Discussion
corresponding control wells.
Cellular interactions with the extracellular matrix are thought to
orchestrate tissue organization by regulating cell differentiation
of different integrin molecules in the growth potential of stromal and function during fetal development and throughout normal
precursor cells on fibronectin using the monoclonal antibodiesadult life*?:13:18.64Tg pegin to understand the possible mecha-
B4, asBq, anda,B; (PA4GY9, PHM2, and 23C6). A significant nisms that influence BM stromal cell commitment, we attempted
(p = 0.05) reduction in colony formation on fibronectin-coated to characterize, for the first time, the interactions between dif-
plates was only observed in the presence of a combination oferent ECM proteins and purified human stromal precursor cells
P4G9, PHM2, and 61.2C4 (Figure 4C). As with collagen andisolated directly from fresh aspirates of nhormal marrow. In the
laminin, no significant inhibition of colony number was observed present study, BM stromal precursor cells were found to possess
for fibronectin when pretreated with antj;35, 23C6. In contrast, a high binding affinity and growth potential to the extracellular
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matrix components commonly found in the reticular marrow specific peptides could completely inhibit the binding of cultured
(Col I, Ill, FN), bone matrix (COL I), endothelial basal laminae human osteoblasts to vitronectin, but only caused a partial
(COL IV and LN), and in serum (FN, VN). The stromal precur- inhibition to the adherence of bone cells to fibronectin and
sor cells demonstrated a higher cloning efficiency when seededollagen®® Similar studies have reported that the tetrapeptide
onto plates precoated with collagen type 1V, fibronectin, vitro- RGDS inhibited both bone formation and resorption in cultures
nectin, and laminin in comparison with collagen types I- andderived from fetal rat parietal bondéMore recently, Damsky
Ill-coated plates. The differential growth patterns observed orand colleagues have implicated a role for the integrin molecules,
different collagen species may reflect the primitive state of thea581 and«3B1, in bone formation, but not the RGD binding
stromal precursor cells. This is in accord with previous studiesjntegrinsav@3 andavp5, known to mediate bone resorption by
where cultured human trabecular osteoblast-like cells demonesteoclast§? Other 1 integrin subfamily members, such as
strated a higher binding affinity to fibronectin with respect to «2B81, have also been reported to be important in early bone
their adherence to laminin and collagen type ?A23 Other ~ matrix formation during osteogenesis, and in chondrocyte sur-
studies have reported that osteoprogenitors, with the capacity teival and differentiatior?* 7 In the present study, we have
form mineralized bone nodules in vitro, also showed preferentiashown that the adhesion and subsequent growth of stromal
binding to laminin, whereas rat calvaria osteoblastic-like cellsprecursor cells seeded onto collagen, laminin, and fibronectin are
showed a reduced capacity to attach to lamifif Differential B1 regulated, while their attachment to vitronectin is mediated by
adhesion and growth to matrix proteins between primitive andavB3 rather than througB1 interactions. In addition, the ability
mature stromal cell types may be a function of their locality in of human BM stromal cells to initiate matrix mineralization was
the bone marrow tissue. Unlike mature osteoblasts that line theignificantly diminished in the presence of a functional blocking
bone surfaces, the exact location of BM stromal precursor cellsnonoclonal antibody to thl integrin subunit, demonstrating a

in the marrow spaces is still a matter of conjecture. Histologicalpossible role for this integrin subfamily during bone formation.
evidence suggests that multipotential stromal progenitors may b€ollectively, these studies suggest that the resorbtion of bone by
associated with the basal laminae of the marrow sinusoid netesteoclasts may be mediated through integrins suctv@8 and
work* Therefore, the attachment of cells to various matrix perhapsxvB5, while osteoblast development and bone formation
glycoproteins may be due to their unique integrin expressiommay be more dependent @1 integrin interactions.

patterns depending on their original location, and stage of cellu- Continued studies into the functions of integrins and other
lar differentiation, which in turn could influence cell commit- superfamilies of cell adhesion molecules may help identify the
ment, maturation, and function. precise mechanisms for the control and regulation of stromal cell

In most respects, stromal precursor cells isolated directlydifferentiation. Several groups have demonstrated the efficacy of
from BM aspirates share a similar integrin expression patterrusing BM stromal cultures to generate a calcified bone matrix in
with various cultured BM stromal cell and bone cell popula- vivo.®28303%Understanding stromal precursor cell-matrix inter-
tions10:11:26.29.33,53,55.59\y0 important exceptions are that stro- actions may eventually lead to the development of appropriate
mal progenitors constitutively express the laminin receptor,strategies for the successful engraftment of these cells. One
a6B1, but lack expression of the collagen/laminin receptor, possible clinical application of such studies is the use of ex vivo
a3B1. This is in direct contrast to osteoblast-like cells that expanded stromal cells to seed biomaterials for use in bone
expressx3B1 but lack expression af6B1. It remains to be seen replacement therapies. Evidence exists that the type of biomate-
whethera3B1 demonstrates a greater affinity for fibrillar colla- rial used or the coating of biomaterials with different ECM
gen types | and Il in comparison with the structurally different proteins has significant effects on the ability of the transplanted
basement membrane constituent, collagen type IV, which coul®M stromal cells to differentiate into functional bone cells in
explain the differential growth pattern observed. This may rep-vivo.62-84Furthermore, studies by Sinha and Ttfimave shown
resent one mechanism by which primitive BM stromal precursorthat bone cells exhibit a differential integrin expression pattern
cells could associate with the bone marrow vasculature untilvhen seeded onto different orthopaedic alloys. Therefore, the
environmental cues promote their proliferation and subsequentoating of implant materials with appropriate combinations of
maturation. During differentiation, the binding affinity of stromal purified ECM proteins or their synthetic mimetics may enhance
precursor cells to laminin may be altered through the downreguthe adhesion, proliferation, and differentiation of stromal cells in
lation of the a6B1 receptor, and may also involve the initial order to facilitate their use in the regeneration and repair of
absence of the integrie3B1. Subpopulations of stromal precur- osteogenic defects in vivo.
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represent transitional progenitor populations undergoing osteoReferences
genic differentiation. Immunohistological studies of bone sec-
tions have previously shown that a subpopulation of differenti- 1- Aarden, E. M., Nuweide, P. J., Van der plas, A., Albas, M. J., Mackie, E. J.,
ated bone cells express high levels ‘9131 in vivo.2° The Horton, M. 'A.,'and Helfrich, M. H. Adhesive properties of isolated chick

. e osteocytes in vitro. Bone 8:305-313; 1996.
employment of two- and three-color FACS analysis, to subdivide 2 Allen. T. D.. Dexter. T. M.. and Simmons. P. J. Marrow Biolo d st
. gy an em
t_he BM stromal precurspr com_partr_nent, may rev_eal SprOpU|a' Cells. In: Dexter, T. M., Garland, J. M., and N. G. Testa, Eds. Colony
tions of stromal progenitors with different maturity and/or de-  stimulating Factors: Molecular and Cellular Biology. New York: Marcel
velopmental potentials. Dekker; 1990; 1-38.

Integrin interactions are known to be important in the regu- 3. Bab, I, Passi-Even, L., Sekeles, E., Ashton, B., Peylan-Ramu, N., Ziv, I., and
lation of angiogenesis, haematopoiesis, bone deposition, and Ulmansky, M. Osteogenesis in in vivo diffusion chamber cultures of human
remodelingt?13:15:18.27.64Ne therefore examined the role of marrow cells. Bone Mineral 4:373-386; 1988.
nchicua inegrin molecues n stromalco functon and devel- 4 S, P 4% Frmes, e e e e £ e
Ic;]per_ngel;ém'\g?;gpgrttea?en)né é?ts:lte\(;vl:t:nTee fg[::,]q du:antfrllé)r%%tle%in(’a'\rlilrr:)_ Swen, M E., Ed.s. Marlrow stromal cell culture. United Kingdom: Cambridge

. 272952 54 . . niversity Press; 1998; 10-25.
neCtm’_ and COIIage}HS'Y T Symhetlc_ Pe_pt'des_ that 5. Boudreau, N. J., and Jones, P. L. Extracellular matrix and integrin signalling:
recognize the RGD sequence are known to inhibit the binding of e shape of things to come. Biochem J 339:481-488; 1999.

osteogenic cells to collagen type | and fibronectin in 6. carlos, T. M. and Harlan, J. M. Leukocyte-endothelial adhesion molecules.
vitro.1:15:27,29480ne study demonstrated that synthetic RGD-  Blood 84:2068—-2101; 1994.



180 S. Gronthos
BM CFU-F integrin expression and function
7. Castro-Malaspina, H., Gay, R. E., Resnick, G., Kapoor, N., Meyers, P.,33

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Chiarieri, D., McKenzie, S., Broxmeyer, H. E., and Moore, M. A. S. Charac-

terization of human bone marrow fibroblast colony-forming cells (CFU-F) and 34.

their progeny. Blood 56:289-301; 1980.

. Clark, B. R., Gallagher, J. T., and Dexter, T. M. Cell adhesion in the stromal 35,

regulation of haemopoiesis. Baillieres Clin Haematol 5:619—-652; 1992.

. Clark, E. A. and Brugge, J. S. Integrins and signal transduction pathways: The
36.

road taken. Science 268:233-239; 1995.
Clover, J., Dodds, R. A., and Gowen, M. (1992). Integrin subunit expression by

human osteoblasts and osteoclasts in situ and in culture. J Cell Sci 103:26737

271; 1992.

Conget, P. A. and Minguell, J. J. Phenotypic and functional properties of
human bone marrow mesenchymal progenitor cells. J Cell Physiol 181:67—73;38
1999.

Damsky, C. H. Extracellular matrix-integrin interactions in osteoblast function
and tissue remodeling. Bone 25:95-96; 1999.

Darribere, T., Skalski, M., Cousin, H. L., Gaultier, A., Montmory, C., and
Alfandari, D. Integrins: regulators of embryogenesis. Biol Cell 92:5-25; 2000.
Davis, R. L., Weintraub, H., and Lasser, A. B. (1987). Expression of a single
transfected cDNA converts fibroblasts to myoblasts. Cell 51:987-1000; 1987.
Dedhar, S., Ruoslahti, E., and Pierschbacher, M. D. A cell surface receptor
complex for collagen type | recognises the Arg-Gly-Asp sequence. J Cell Biol
104:585-593; 1987.

Dennis, J. E. and Caplan, A. I. Porous ceramic vehicles for rat—marrow—derivetfl'

osteogenic cell delivery: effects of pre-treatment with fibronectin or laminin.
J Oral Implant 19:106-115; 1993.

Ducy, P., Zhang, R., Geoffroy, V., Ridall, A. L., and Karsenty, G. Osf2/Cbfal: 42.

A transcription activator of osteoblast differentiation. Cell 89:747-754; 1997.
Franceschi, R. T. The developmental control of osteoblast-specific gene ex-

pression: role of specific transcription factors and the extracellular matrix 43

environment. Crit Rev Oral Biol Med 10:40-57; 1999.

Friedenstein, A. J. Precursor cells of mechanocytes. Int Rev Cytol 47:327-355;
1976.
Friedenstein, A. J. Stromal mechanisms of bone marrow: cloning in vitro and

retransplantation in vivo. In: Thienfelder S., Ed. Immunology of Bone Marrow 45.

Transplantation. Berlin: Springer-Verlag; 1980; 19-39.

Friedenstein, A. J., Chailakhyan, R. K., and Lalykina, K. S. The development46.

of fibroblast colonies in monolayer cultures of guinea pig bone marrow and
spleen cells. Cell Tissue Kinetics 3:393-402; 1970.

Friedenstein, A. J., Ivanov-Smolenski, A. A., Chailakhjan, R. K., Gorskeja, 47.

U. F., Kuralesova, A. I., Latzinik, N. V., and Gerasimov, U. F. Origin of bone

marrow stromal mechanocytes in radiochimeras and heterotropic transplantssg.

Exp Hematol 6:440—444; 1978.

Gronthos, S., Graves, S. E., and Simmons, P. J. (1998). Isolation, purificationg.

and in vitro manipulation of human bone marrow stromal precursor cells. In:
Beresford, J. N. and Owen, M. E., Eds. Marrow stromal cell culture. United
Kingdom: Cambridge University Press; 1998; 26—-42.

Gronthos, S., Ohta, S., Graves, S. E., and Simmons, P. J. The STRO-1
fraction of adult human bone marrow contains the osteogenic precursors. Bloo%l
84:4164—-4173; 1994.

Gronthos, S. and Simmons P. J. The growth factor requirements of STRO-1
human bone marrow stromal precursors under serum-deprived conditions52
Blood 85:929-940; 1995. 5
Gronthos, S., Stewart, K., Graves, S. E., Hay, S., and Simmons, P. J. Integrin
Expression and Function on Human Osteoblast-like Cells. J Bone Miner Res
12:1189-1197; 1997. >
Gronowicz, G. and De Rome, M. E. A synthetic peptide containing Arg-Gly-
Asp inhibits bone formation and resorption in a mineralizing organ culture
system of fetal rat parietal bones. J Bone Miner Res 9:193-201; 1994.
Gundle, R., Joyner, C. J., and Triffit, J. T. Human bone tissue formation in
diffusion chamber culture in vivo by bone-derived and marrow stromal fibro-
blastic cells. Bone 16:597-601; 1995.

Grzesik, W. J. and Robey, P. G. Bone matrix RGD glycoproteins: Immunolo-

calization and interaction with human primary osteoblastic bone cells in vitro. 57-

J Bone Miner Res 9:487—-496; 1994.
Haynesworth, S. E., Goshima, J., Goldberg, V. M., and Caplan, A. I. Charac-

terization of cells with oseogenic potential from human marrow. Bone 13:81—58.

88; 1992.

Hirsch, M. S., Lunsford, L. E., Trinkaus-Randall, V., and Svoboda, K. K. 59.

Chondrocyte survival and differentiation in situ are integrin mediated. Dev Dyn
210:249-263; 1997.
Hogg, N. An integrin overview. Chem Immunol 50:1-12, 1991.

39.

44,

55.

56.

60.

Bone Vol. 28, No. 2
February 2001:174-181

. Hughes, D. E., Salter, D. M., Dedhar, S., and Simpson, R. Integrin expression
in human bone. J Bone Miner Res 8:527-533; 1993.

Hynes, R. O. Integrins: Versatility, modulation and signalling in cell adhesion.
Cell 69:11-25; 1992.

Jikko, A., Harris, S. E., Chen, D., Mendrick, D. L., and Damsky, C. H.
Collagen integrin receptors regulate early osteoblast differentiation induced by
BMP-2. J Bone Miner Res 14:1075-1083; 1999.

Juliano, R. L. and Haskill, S. Signal transduction from the extracellular matrix.
J Cell Biol 120:577-585; 1993.

Kitamura, Y., Yoshiki, S., and Kishimoto, T. Targeted disruption of CBFA1
results in a complete lack of bone formation owing to maturational arrest of
osteoblasts. Cell 89:755-764; 1997.

. Krebsbach, P. H., Kuznetsov, S. A., Satomura, K., Emmons, R. V. B., Rowe,
D. W., and Robey, P. G. Bone formation in vivo: comparison of osteogenesis
by transplanted mouse and human marrow stromal fibroblasts. Transplantation
63:1059-1069; 1997.

Kuznetsov, S. A., Krebsbach, P. H., Satomura, K., Kerr, J., Riminucci, M.,
Benayahu, D., and Robey P. G. Single-colony derived strains of human stromal
fibroblasts form bone after transplantation in vivo. J Bone Miner Res 12:1335—
1347; 1997.

40. Lichtman, M. A. The ultrastructure of the hemopoietic environment of the

marrow: a Review. Experimental Hematology 9:391-410; 1981.
MacDougald, O. A., and Lane, M. D. Transcriptional regulation of gene
expression during adipocyte differentiation. Annu Rev Biochem 64:345-373;
1995.

Moursi, A. M., Globus, R. K., and Damsky, C. H. Interactions between integrin
receptors and fibronectin are required for calvarial osteoblast differentiation in
vitro. J Cell Sci 110:2187-2196; 1997.

Owen, M. E. The marrow stromal system. In: Beresford, J. N. and Owen, M. E.,
Eds. Marrow stromal cell culture. United Kingdom: Cambridge University
Press; 1998; 1-9.

Owen, M. E., Cave, J. and Joyner, C. J. Clonal analysis in vitro of osteogenic
differentiation of marrow CFU-F. J Cell Sci 87:731-738; 1987.

Owen, M. E. and Friedenstein, A. J. Stromal stem cells: marrow derived
osteogenic precursors. CIBA Foundation Symposium 136:42—65; 1988.
Perkins, S. and Fleischman, R. A. Stromal cell progeny of murine bone marrow
fibroblast colony-forming units are clonal endothelial-like cells that express
collagen IV and laminin. Blood 75:620—-625, 1990.

Petruzzelli, L., Takami, M., and Humes, H. D. Structure and function of
adhesion molecules. Am J Med 106:467—-476, 1999.

Puleo, D. A. and Bizios, R. RGDS tetrapeptide binds to osteoblasts and inhibits
fibronectin-mediated adhesion. Bone 12:271-276; 1991.

Rezania, A. and Healy, K. E. Integrin subunits responsible for adhesion of
human osteoblast-like cells to biomimetic peptide surfaces. J Orthop Res
17:615-623; 1999.

50. Roche, P., Goldberg, H. A., Delmas, P. D., and Malaval, L. Selective attach-

ment of osteoprogenitors to laminin. Bone 24:329-336; 1999.

. Roche, P., Rousselle, P., Lissitzky, J. C., Delmas, P. D., and Malaval, L.
Isoform-specific attachment of osteoprogenitors to laminins: mapping to the
short arms of laminin-1. Exp Cell Res 250:465—-474; 1999.

. Ruoslahti, E. Integrins. J Clin Invest 87:1-5; 1991.

3. Saito, T., Albelda, S. M., and Brighton, C. T. Identification of integrin

receptors on cultured human bone cells. J Orthop Res 12:384-394; 1994.

4. Schwartz, M. A., Schaller, M. D., and Ginsberg, M. H. Integrins: Emerging

paradigms of signal transduction. Annu Rev Cell Dev Biol 11:549-599; 1995.
Simmons, P. J., Gronthos, S., Zannettino, A., Ohta, S., and Graves, S. E.
Isolation, characterization and functional activity of human marrow stromal
progenitors in hemopoiesis. Prog Clin Biol Res 389:271-280, 1994.
Simmons, P. J., and Torok-Storb, B. Identification of stromal cell precursors in
human bone marrow by a novel monoclonal antibody, STRO-1. Blood 78:55—
62; 1991.

Simmons, P. J., Zannettino, A., Gronthos, S., and Leavesley, D. Potential
adhesion mechanisms for localisation of haemopoietic progenitors to bone
marrow stroma. Leukemia and Lymphoma 12:353-363; 1994.

Sinha, R. K. and Tuan, R. S. Regulation of human osteoblast integrin expres-
sion by orthopedic implant material. Bone 18:451-457; 1996.

Soligo, D., Schiro, R., Luksch, R., Manara, G., and Quirici, N. Expression of
integrins in human bone marrow. Br J Haematol 76:323-332; 1990.
Tavassoli, M. and Friedenstein, A. J. Hemopoietic stromal microenvironment.
Ann J Hematol 15:195-203; 1983.



Bone Vol. 28, No. 2 S. Gronthos 181
February 2001:174-181 BM CFU-F integrin expression and function

61. Vihinen, P., Riikonen, T., Laine, A., and Heino, J. Integrin alpha 2 beta 1 in 64. Zimmerman, D., Jin, F., Leboy, P., Hardy, S., and Damsky, C. Impaired bone
tumorigenic human osteosarcoma cell lines regulates cell adhesion, migration, formation in transgenic mice resulting from altered integrin function in osteo-
and invasion by interaction with type | collagen. Cell Growth Differ 7:439— blasts. Dev Biol 220:2-15; 2000.

447; 1996.

62. Weiss, L. The hematopoietic microenvironment of the bone marrow: an
ultrastructure study of the stroma in rats. Anatomical Record 186:161-184;

1976.

63. Xiao, G., Wang, D., Benson, M. D., Karsenty, G., and Franceschi, R. T. Role
of the alpha2-integrin in osteoblast-specific gene expression and activation of Date ReceivedSeptember 6, 2000
the Osf2 transcription factor. J Biol Chem 273:32988-32994; 1988. Date AcceptedOctober 3, 2000




